Abstract. Regulated deficit irrigation (RDI) is a management strategy that on grape can improve shoot/fruit ratio, water efficiency, and wine quality but has the potential to reduce yield. As part of a study on the influence of RDI on leafhopper density, we evaluated the effects on grape yield, berry size, berry soluble solids, and wine color. The studies were conducted at commercial vineyards in the San Joaquin Valley and in the Paso Robles region, CA, with Cabernet Sauvignon as the cultivar. Water deficits were imposed at either 50% (moderate deficit) or 25% (severe deficit) of standard irrigation (the control) for a period of 3 or 6 weeks and initiated at berry set, leafhopper egg hatch, or veraison. Deficit irrigation decreased berry weight by 16.1% at the San Joaquin Valley site (Aliso) and 11.7% at one of the Paso Robles sites (Frankel) but did not differ at the other site (Steinbeck). Yield was decreased by the deficits by 18.1% at Aliso, 26.7% at Frankel 2001 (but not 2002 , and 24% at Steinbeck. Wine color density was increased by 21.8% at Aliso, 34.4% at Frankel 2001 (but not 2002), and did not differ at Steinbeck. Soluble solids did not differ among treatments at any site. There was no difference in berry weight, yield, or color between the moderate and severe deficits. It appears that in central California, RDI such as these are likely to reduce yield but are only one factor among many variables affecting quality such as wine color.
In perennial fruit and nut cropping sys-some resulted in yield decreases (Egea et al., tems, water can be applied at a reduced rate 2010; Iniesta et al., 2009) , and others found during a defined phenological period while yield increases (Chalmers et al., 1986; Mitchell maintaining standard irrigation during the et al., 1984) . rest of the season (Chalmers et al., 1981) .
On wine grapes, RDI is distinguished from This has come to be known as RDI and has partial root zone drying, in which the deficit received a great deal of attention and research variable is not one of time, but of space, as focus. The potential advantages of RDI are applied water is alternated from one side of in improvements in shoot-to-fruit load ratios the vine to the other (Dry and Loveys, 1998) . (Iniesta et al., 2009; Mitchell et al., 1984) , The timing of RDI on grapes has typically inwater efficiency or productivity (Cui et al., volved imposing the deficit from the grapevine 2009; Egea et al., 2010; Garcia-Tejero et al., phenological periods of berry set to veraison 2010) , and fruit quality (Garcia-Tejero et al., or veraison to ripeness (harvest) (Matthews 2010; Papenfuss and Black, 2010) . The main and Anderson, 1988; Matthews et al., 1987) , potential disadvantage is on fruit production, berry set to harvest (Acevado-Opazo et al., although results of RDI on yield have been 2010; Chaves et al., 2007; dos-Santos et al., mixed . Some studies showed a neutral effect 2007; Shellie, 2006) , and, less often, bud (Cui et al., 2009; Papenfuss and Black, 2010) , break to bloom (Goodwin and Jerle, 1989) or budbreak to veraison (Hamman and Dami, 2000) . Grape berry development occurs in three phases: post-berry set to veraison (rapid Received for publication 9 Apr. 2012. Accepted for cell division followed by cell enlargement), a publication 11 June 2012.
lag phase (cessation of cell enlargement and Thanks to cooperators Martin Britz, Kip Green, and initiation of sugar accumulation), and, fi- (1987) and Matthews et al. (1988) (1997) found that the greatest reduction on yield was when deficit was initiated just after bloom but before berry set and compared with the standard irrigation, pre-veraison and post-veraison lowered berry size, but there was little difference between these two pe riods. (Acevado-Opazo et al., 2010) found that RDI imposed between berry set and veraison or harvest increased concentration of anthocyanins and decreased berry diame ter (but not berry weight), but only with a deficit intensity of 26% or less but not that of ;50% of the standard irrigation.
On cultivated grape in California, it is common practice to irrigate at ;100% of evapotranspiration (1.0 ET c ) or more from 4 to 6 weeks after budbreak until just be fore harvest. However, Williams et al. (2010) showed that on Thompson Seedless, seasonwide irrigation at 0.80 ET c can take place with no significant yield loss. To evaluate the impact of RDI on leafhopper density (pri marily Erythroneura elegantula Osborn), we imposed RDI of either 50% or 25% of standard irrigation during second-generation leafhopper development, which about corre sponds to the period between berry set and veraison. Erythroneura spp. overwinter as adults and begin feeding on grape tissue shortly after budbreak in the spring (late March to early April) (Costello, 2011) . After mating, females lay eggs within the leaves. The first-generation nymphs hatch, develop through five stages (instars), and in the Paso Robles region of California, molt to adult hood by early to mid-June. Second-generation nymphal hatch is typically mid-to late July. Erythroneura spp. are sensitive to vine water status (Daane and Williams, 2003) , and we have shown that RDI during second-generation nymphal development resulted in a signifi cant decrease in leafhopper nymphal density (Costello, 2008; Costello and Veysey, 2012) . We present the results of these studies on fruit production and wine color as an indicator of quality. Water application and stomatal con ductance (g S ) results from one of the study sites and years (Frankel in 2001) are pre sented here; otherwise, these data can be found in Costello (2008) and Costello and Veysey (2012) .
Materials and Methods
Details of experimental design and cul tural practices for the Aliso and Frankel vineyards are in Costello (2008) and for the Steinbeck vineyard in Costello and Veysey (2012) , but a summary is presented here. The study sites were mature, commercial vine yards located in central California. The Aliso vineyard was located in Madera County with a mean annual rainfall of 204 mm and mid summer (July through August) mean high and low temperatures 35.5 and 16.3 °C, re spectively. The Frankel and Steinbeck vine yards were located in San Luis Obispo County with mean annual rainfall 373 mm and mid summer mean high and temperatures 33.4 and 10.8 °C, respectively. The cultivar at all of the sites was 'Cabernet Sauvignon' with a cordon-trained, spur-pruned system but in Winter 2001-02, the vines at the Frankel site were retrained to a head-trained, cane-pruned system. At Steinbeck, the study plots were moved from the southwest corner of the vineyard (2002) to the northwest (2003), where soil type was less variable.
Each experiment was designed as a ran domized complete block with treatments repli cated four times. At the Frankel and Steinbeck sites, the deficit treatments were undertaken to reduce the control irrigation to 50% or 25% of standard irrigation, which was close to 1.0 ET c ; at Aliso, only the 50% deficit was undertaken. These will hereafter be referred to as moderate (50%) or severe (25%) deficit. At the Steinbeck site, an additional split plot treatment varying the duration of the deficit (3 weeks vs. 6 weeks) was included. Deficit irrigation typically was initiated at berry set and maintained until veraison, although at the Aliso site, two variations of this period were included: leafhopper egg hatch (eclosion) to veraison and veraison to harvest. Deficit treat ments were compared with a control based on the standard irrigation rate set by the vineyard manager at each site, who was assumed to be irrigating 0. Table 1 .
At each site, deficits were induced for a period of ;6 weeks, and at Steinbeck, a treat ment was added to compare 3-week duration with the 6-week duration. At Aliso, three deficit initiation treatments were used: berry set (1 June), leafhopper egg hatch (eclosion) (29 June), and veraison (20 July), and each was imposed for 6 weeks. At Frankel in 2001, the deficits were initiated on 28 June and im posed until 9 Aug.; at Frankel in 2002, the deficits were initiated on 20 June until 1 Aug. At Steinbeck, deficit initiation took place on 21 June in 2002 and 2003 and imposed until either 12 July (3-week deficit) or 2 Aug. (6-week deficit).
Before the imposition of the deficit irri gation treatments, all vines in the study area were watered according to each grower's irrigation schedule. After the deficit, irriga tion was set to 80% of the grower standard at Aliso and to 100% of the grower standard at Frankel and Steinbeck.
Stomatal conductance (Frankel in 2001) was measured with an LI-6200 CO 2 poro meter (LI-COR, Lincoln, NE). Leaves se lected for measurement were mature and in full sun.
Grapes were harvested on 17 Sept. Wine was made by processing the grapes through a stemmer/crusher, adding potassium metabisulfite and inoculating with yeast, fer menting in open-topped vessels covered with cheesecloth, and pressed when degrees ball ing were close to zero. The must was then pressed in a basket press and allowed to finish in a glass carboy. The wine was racked, and samples were analyzed for color using a spec trophotometer (Ivyland, PA).
Most data were log-transformed, except for color, which was transformed by reflect and inverse transformation. All data were analyzed by analysis of variance (ANOVA) with mean separation by Tukey's honestly significant difference (SAS Institute, 2010) . Differences were considered statistically sig nificant at P < 0.05.
For the Frankel yield data, there was a significant year*treatment interaction (F = 11.93, df = 2, 42, P < 0.001), so each year's data were analyzed separately.
Results
Applied water. At Frankel in 2001, the estimated ET c for the period between 30 Apr. and 1 Oct. was 343.9 mm, and for the same period, the control received an estimated 352.0 mm (102% of estimated ET c ). Esti mated seasonal water use was 244.6 mm for the moderate deficit treatment and 194.3 mm for the severe deficit treatment. Estimated standard irrigation for the deficit period was 0.89 ET c at Aliso and 0.92 ET c at Frankel in 2002 (Costello, 2008) 
Stomatal conductance. At Frankel in 2001, over the 6-week course of the deficit (5 July to 9 Aug.), g S averaged 0.538, 0.356, and 0.361 mol CO 2 /m 2 /sec in the control, mod erate deficit, and severe deficit treatments, respectively, a reduction of ;28% in the deficit treatments compared with the control (repeated-measures ANOVA contrast F = 21.99, df = 1, 31, P < 0.01) but not a significant difference between the two def icit treatments (repeated-measures ANOVA contrast F = 0.51, df = 1, 31, P = 0.48). In the post-deficit period, g S was equivalent in all treatments on 16 Aug. and was again sig nificantly different from 23 Aug. to 7 Sept. with readings averaging 0.293, 0.16, and 0.288 mol CO 2 /m 2 /sec in the control, moder ate, and severe deficit treatments, respec tively, with the moderate deficit 44.9% lower than the severe deficit and the control (repeated-measures ANOVA contrast F = 17.66, df = 1, 31, P < 0.01).
Berry weight and soluble solids. At Aliso, the deficit treatments reduced berry weight by 16.1% overall (Tables 1 and 2 ), but there was no difference when comparing deficit initiation at pre-veraison with veraison nor when comparing deficit initiation at berry set with leafhopper egg hatch (Tables 1 and  2) . Soluble solids at harvest averaged 23.56 °Brix among treatments and did not differ significantly between deficit treatments and the control or among deficit treatments (Tables  1 and 2) .
At Frankel, average °Brix was 25.06 in 2001 and 22.70 in 2002 (Table 3 ) with no significant difference among treatments in either year (Table 4) (Table 3) , again with no significant difference among treatments (Table 4) .
At Steinbeck, there was a significant over all effect on berry weight with the deficit treatments 11.7% lower than the control (Tables 5 and 6) but no difference between the moderate and severe deficits. There was no significant effect of duration (Tables 5 and  6 ) with no interaction between duration and intensity (F = 3.22, df = 1, 6, P = 0.1231). There was no effect of intensity or duration on °Brix (Tables 5 and 6 ) with no interaction between time and intensity (F = 3.42, df = 1, 6, P = 0.1140).
Yield. At Aliso, the overall ANOVA was significant (Table 2 ) with the deficit treat ments lowering yield by 18.1% compared with the control (Tables 1 and 2 ). Yield for the deficit treatment initiated at leafhopper egg hatch (29 June) was 20.5% lower than the deficit initiated at berry set (1 June) (Tables 1  and 2 ), but there was no significant difference between the deficits initiated pre-veraison (i.e., at either berry set or leafhopper egg hatch) and the deficit initiated at veraison (Tables 1 and 2) .
At Frankel there was a significant effect on yield in 2001 but not in 2002 (Tables 3 and  z Deficits were 50% of the grower standard irrigation (0.89 ET c ) and initiated at the indicated points for 4). In 2001, the deficit irrigation treatments (i.e., the 6-week deficit vs. the 3-week deficit) (Tables 5 and 6 ).
Wine color. Wine made from the grapes at Aliso increased color by 21.8% when all of the deficits were compared with control, but there was no difference in pre-veraison vs. post-veraison deficits nor deficits initiated at berry set vs. egg hatch (Tables 1 and 2 ). At Frankel in 2001, the deficit treatments im proved color by 34.4% compared with con trol, but there was no difference between the moderate and severe deficits (Tables 3 and 4) . However, there was no significant difference among treatments in color at Frankel 2002 (Tables 3 and 4) nor at Steinbeck (Tables 5  and 6 ).
Discussion
control, but there was no significant differ ence between the moderate and severe deficit treatments (Tables 3 and 4) .
At Steinbeck there was a significant over all effect of the repeated-measures ANOVA for yield (Table 6 ) with the deficit treatments 24.0% lower than the control but no signif icant difference between the moderate and severe deficits (Tables 5 and 6 ). In addition, there was no significant effect of duration z The variable ''deficits'' pooled the data from the 50% of standard irrigation deficits at berry set, leafhopper egg hatch, and veraison. The variable ''pre-veraison'' pooled the data from the 50% of standard irrigation deficits at berry set and leafhopper egg hatch. 2.14 ± 0.14 Control 6.76 ± 0.52 22.41 ± 0.757 1.106 ± 0.036 2.14 ± 0.19 3 weeks 4.63 ± 0.39 21.00 ± 0.683 0.890 ± 0.053 2.14 ± 0.14 6 weeks 4.54 ± 0.41 22.08 ± 0.300 0.916 ± 0.048 2.09 ± 0.18
The trend from these studies is that the RDI treatments decreased yield by an aver age of 22.9% compared with the controls for four of the five studies. The exception was Frankel in 2002, which might be explained by the retraining from spur to cane pruning done in the winter of 2001-02. 'Cabernet Sauvi gnon' is known for highest fruitfulness at the base and distal end of the cane (McLoughlin et al., 2011) , and this switch to canes may have masked the effects of deficit irrigation in the first year after the retraining. In recent studies, reports on the effect on yield of RDI from berry set to veraison, veraison to harvest, or berry set to harvest have primarily shown no significant declines (Azevado-Opazo et al., 2010; Chaves et al., 2007; dos Santos et al., 2007; Keller et al., 2008) , although (Shellie 2006 ) reported an ;35% yield reduction at 0.35 ET c .
Although in the current studies the initi ation of the deficits only varied at one site (Aliso), the effect there on yield was similar to McCarthy (1997) , who found that deficits initiated pre-or post-veraison were similar in their impact on yield; however, McCarthy (1997) also found that pre-veraison deficit produced smaller berries than post-veraison deficit, which was not found at Aliso.
Berry weight was affected by the RDI treatments at Aliso and Steinbeck but was not significantly different at Frankel. These variable results are not uncommon among RDI studies, several of which found smaller berries in some but not all study years (Keller et al., 2008; McCarthy, 1997; Shellie, 2006) , although Matthews and Anderson (1988) found a consistently negative effect, and AzevadoOpazo et al. (2010) found a consistent noneffect. In the current studies, berry weight is the most reasonable explanation for yield decline. The only other way that yield could have been reduced was through fewer berries per cluster, but because each of the years in which yield was reduced was a single-year study, there was no carryover effect from the previous year on bud fruitfulness, and be cause RDIs were initiated after berry set, the number of berries per cluster among treat ments should not have been affected. (Costello and Veysey, 2012) , in neither of these studies do g S readings show a separation between the moderate and severe deficits. However, at Frankel in 2002, the severe deficit was re duced by 13.1% compared with the moderate deficit (Costello, 2008) , and at Steinbeck in 2002, the RDI treatments reduced g S by ;20% in the severe deficit compared with the moderate deficit treatment (Costello and Veysey, 2012) . It may also be that differences in soil water storage (from winter rains) and ET o during the period of deficit differed enough that the effects of the deficit varied among years and made it difficult to separate the two RDIs. Interestingly, these variations may be related to seasonal differences in rain fall, because 2002 was a drier year (rainfall of 212 mm) than either 2001 (392 mm) or 2003 (349 mm). If this does explain the variation among years in g S , the conditions still did not translate to differences in berry weight or yield.
The effect on wine color was also not consistent with RDI treatments, increasing optical density readings in just two of the five studies (Aliso and Frankel in 2001) . It is logical to think that smaller berries, because of higher surface area to volume ratios, would result in better color and phenolic concentra tion. However, although smaller berries have higher skin/pulp ratios, anthocyanin and phe nolic concentrations are independent of berry surface area (Matthews et al., 1990; Roby et al., 2004) . More recently, it has been rec ognized that water stress can influence ge netic transcription factors, which influence the production of phytochemicals such as phenolics (Castellarin et al., 2007) . Results of other studies on grape berry or wine chem istry have also been inconsistent. In studies on RDI of just one year, Hamman and Dami (2000) found improved wine color and Ojeda et al. (2002) found increased phenolic concen tration in berry skin, but dos Santos et al. (2007) found no change in berry phenolics. In multi year studies, Chaves et al. (2007) reported significant increases in berry anthocyanin concentration in one of three study years, Keller et al. (2008) found that pre-veraison deficit resulted in poorer juice color, but post veraison deficit was no different from stan dard irrigation, and Matthews et al. (1990) found that pre-veraison deficit produced better wine color, whereas post-veraison deficit was not different from the control. This variabil ity indicates that other environmental factors such as soil or weather may play an equal or greater role on berry phytochemical quality and concentration than water stress. Note that within the current studies at Steinbeck, when contrasting years with well below average and near average rainfall (2002 vs. 2003, respectively) , there was still no effect on wine color under RDI.
For the California practitioner, the decision to undertake RDI has benefits and drawbacks. It is likely that with the imposition of RDI between berry set and veraison or veraison and harvest, lower yields will be experienced. In these studies, these yield declines ranged from 18% to 27% compared with standard irrigation. Benefits include a reduction in leaf hopper density (Costello, 2008) , although in dications are that for this to be sustained, the deficit needs to be maintained for as long as lower leafhopper density is desired (Costello and Veysey, 2012) . In regions of California where leafhoppers are pests, this benefit might include a reduction in frequency of insecticide application. Another benefit is a decrease in water use, as at the Frankel site the moderate and severe treatments resulted in lowered water application by 30% and 45%, respectively, compared with the stan dard irrigation. Finally, the benefit of im provement in wine quality, using color as an indicator, is less certain and appears to be subject to environmental variables besides water stress.
